In this study a numerical simulation of the behaviour and failure modes of axially compressed steel column subjected to transverse impact by a rigid mass at different impact speeds and locations is presented. Firstly, the capability of the present numerical model to trace the response and to predict different failure modes of transversely impacted beams and columns with and without axial compressive force has been validated. These failure modes include plastic global failure, tensile tearing failure and transverse shear failure. The validation was performed by comparing simulation results in term of the contact force, deformation shape, failure mode and the maximum transverse displacement with available published experimental test results by others. The progressive damage and failure model available in ABAQUS/Explicit has been utilized in the present numerical models to account for material shear and tensile tearing failure under impact. Comparisons between the experimental and simulation results confirmed that the numerical models were able to accurately predict the aforementioned failure modes. Thereafter, a parametric study has been conducted to investigate the effects of several parameters on the response of axially loaded steel column, based on the results of which simplifying assumptions on column behaviour under impact can be made to develop appropriate design calculation methods for steel columns under such loading conditions.
INTRODUCTION
Columns in underground and multi-storey car parks, on the ground floor in buildings located along busy roads [1] or as bridge pairs [2] , are structural members which are highly vulnerable to impact loads due to moving vehicles. Catastrophic progressive structural failure may occur as a consequence of an accidental vehicle impact on such columns. A proper analysis technique that can take into account column failure under impact is required for rational column design. At present, there is little guidance on how to design this type of structural elements for impact resistance. In particular, the simplified analysis methods used in current codes and standards [3,4,5 and 6] generally deal with transverse impact by using an equivalent static lateral load, which can be grossly inaccurate.
A considerable amount of literature has been published on studies of the behaviour and failure modes of beams under transverse impact. In particular, the behaviour of axially restrained beams under transverse impact has been studied intensively [7, 8, 9, 10, 11, 12, 13 and 14] . This is understandable since axially restrained beams are frequently used as members to absorb impact energy in such major applications as vehicle crash barriers. On the other hand, although columns under compressive load may also be involved in accidental vehicle crash, the emphasis has been almost wholly on vehicle crashworthiness for occupant protection.
However, with structural robustness now an important topic for the structural engineering research community, the behaviour of columns under vehicle impact deserves attention.
Nevertheless, although the behaviour of axially compressed columns under transverse impact M A N U S C R I P T
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3 will be different from that of axially restrained beams undergoing axial tension, a review of beam behaviour can help understand some aspects of the column behaviour.
The experimental results of Meknes and Opat [7] identified three modes of failure of clamped beams subjected to transverse impulsive dynamic load: (i) large plastic deformation of the whole beam with the formation of a plastic hinge mechanism; (ii) tensile tearing failure under catenary action; (iii) and transverse shear failure at the supports. A large number of research studies have investigated how these three failure modes may be quantified under the influence of different parameters, such as material type and impact location [8, 9, 10, and 11] , axial preloading [12] , the impact speed [13] , and different types of cross-section [14] . Of these three failure modes, global failure and shear failure may occur in axially compressed columns under transverse impact.
Among a few studies on behaviour of axially compressed columns under transverse impact, Zeinoddini et al [15 and 16] carried out an experimental and numerical investigation to study the response of axially pre-compressed steel tubes under low velocity transverse impact. Two failure modes were identified: plastic global buckling under high axial compression, and local indentation and damage of the impact zone when the axial load is low and the tube is thin.
Crucially, their study indicated that quasi-static analysis may be used for the impact velocity used. Adachi et al [17] and Sastranegara et al [18] investigated experimentally and numerically the buckling and post buckling behaviour of axially compressed aluminium columns subjected to lateral impact loads. They also identified global instability as the main failure mode of the columns. Due to the failure mode being global buckling, they found that the critical condition of column buckling was controlled only by the kinetic energy of the M A N U S C R I P T
4 transverse impact, but independent of the history of the transverse impact or its impulse.
These experimental results also provide data for validation of numerical and analytical modelling.
Typically, since the above studies are among the first on this topic, they are limited in scope and their conclusions are preliminary. Consequently, there is insufficient data to develop comprehensive understanding of the effects of various parameters on column behaviour for the development of practical design methods. The aim of this research is to build on these preliminary research investigations and develop an extensive database of column behaviour under transverse impact. Specifically, the objectives of this paper are as follows:
(1) to validate a method of numerical simulation for the behaviour and failure modes of axially compressed steel columns subjected to transverse impact caused by a rigid mass travelling at relatively low velocity. The simulations will be carried out using the general finite element code ABAQUS/Explicit [20] ;
(2) using the validated numerical model, to investigate the effects of several parameters on the response and failure modes of the impacted column.
VALIDATION OF THE NUMERICAL MODEL
In this section, the capability of the ABAQUS/Explicit model to accurately follow the response and predict different failure modes of axially compressed steel columns under transverse impact will be assessed against three series of published experimental tests. These three series of experiments were selected to ensure that different possible column failure modes would be covered.
Global plastic buckling failure
The tests were conducted by Zeinoddini et al [15] . In these tests, the steel tube was one metre length; it was pre-compressed and then impacted at the mid point using a drop weight of 25.45 kg with a falling velocity of about 7 m/s (about 25 km/hour). The tubes were loaded to different levels of axial compression. The test set up is shown in Figure 1 together with the present ABAQUS model of the steel tube. The steel tube was modelled using linear three dimensional four-node doubly curved shell elements with reduced integration and membrane strain effects (S4R). The impactor was modelled using three dimensional 8-node brick element (C3D8R) with reduced integration and hourglass control. Classical metal plasticity model available in ABAQUS/Explicit was used for the steel tube. The density and modulus of elasticity for the steel tube were taken to be 7850 kg/m 3 and 200000 N/mm 2 respectively [15] .
The input yield stress of the steel tube was 500N/mm 2 with Poisson's ratio was 0.3 [15] .
The contact pair algorithm available in ABAQUS/Explicit was used to simulate the contact interaction between the impacting mass and the steel tube. In this algorithm, the hard contact and penalty formulation were used to describe normal and tangential behaviours respectively as mechanical interaction properties. Kinematic contact enforcement method was adopted to detect contact between the two bodies with small sliding formulation. A linear spring was used to apply the axial compressive load, as shown in Figure 1 . The linear spring is attached to the sliding end of the tube to account for the decrease in axial force in the test due to movement of the end towards the clamped end [15] . It should be pointed out that because ABAQUS/Explicit was used only to conduct dynamic rather that static analysis, the axial
compressive load was applied using a special quasi-static analysis procedure in which the load was applied during the natural period of the system by utilizing a smooth amplitude step [19] .
`
Figure 1: Experimental set up of Zeinoddini et al [15] , left and Present numerical model, right
The experimental results indicated global column failure in columns with axial load value above 65% of the tube squash-load [15] . In this failure mode, the column lost its stability and large lateral deformations developed causing the column to shorten and slide towards the fixed end. For lower axial load ratios, no global failure occurred but local and plastic deformations and indentations were recorded at the impact zone [15, 16] . In the present numerical model, global failure was predicted at axial load ratio of 60% of the tube squash load as shown in Figure 2 , which is about 93 % of the experimental value. For the other axial load values, there was no column failure, which conforms to the experimental results. 
Tensile tearing failure
Bambach et al. [14] performed the tests on 700mm long clamped steel hollow section sizes 50SHS impacted laterally by 600 kg mass falling with a velocity of 6.2 m/s. Figure 4 shows details of the experimental specimen together with the FE simulation model. There was no axial load in the specimens. : Experimental specimen of 50SHS [14] , left and Numerical model, right
The same simulation methodology (element type for the hollow section, element type for the impactor, contact interaction) as in section 2.1 was used.
The material behaviour of the hollow section and the gusset plates (C350 steel) were simulated using the classical metal plasticity model in conjunction with the progressive ductile damage and failure model available in ABAQUS/Explicit to simulate tensile failure.
Isotropic strain hardening and strain rate effect were accounted for by utilizing the true stress -true strain curve provided from the experiment [14] . No plastic behaviour was included in the material behaviour models of the impactor and the supporting gusset plates because they did not show any sign of deformation during the impact test. The steel density was 7850 kg/m 3 and modulus of elasticity 200000 N/mm 2 . The engineering yield stress for the tube was 455 N/mm 2 and the Poisson's ratio was 0.3 [14] . Material strain rate sensitivity was taken into account by employing the Cowper-Symonds equation with D= 40.4 and q=5 according to the experimental results reported in [19] . Table 1 gives the true stress-strain values. 
Modelling of tensile failure
The progressive damage and failure model provided in ABAQUS/Explicit has been employed in the present model to detect and trace the damage initiation and evolution until complete failure of the material at integration points of the element. The model uses the equivalent plastic strain at the onset of damage pl D ε as failure initiation criterion. The value of this strain can be input as tabular fraction of the strain rate and stress triaxility, which is defined as the ratio of the pressure stress to the equivalent Mises stress [20] . Material degradation starts when the damage initiation criterion is met based on the following condition:
where ∑ ∆ pl ε is the accumulative value of the equivalent plastic strain at integration points.
The fracture strain at ductile damage initiation was first obtained from the stress vs. plastic strain data [20] , obtained from the uni-axial tensile test of the beam material C350 (=0.115 in this case). Then, a nonlinear FE analysis was performed on the impacted hollow steel beam under same loading conditions but using the classical metal plasticity constitutive model to obtain values of maximum stress triaxiality and strain rate at damage initiation. The values of these quantities together with values of other material failure quantities used in the present numerical model are shown in Table 2 .
Once damage initiation has been detected, the damage process continues and the damage evolution can be traced assuming a linear relationship of the damage variable with effective plastic displacement, [20] . The damage variable represents the accumulated ratio of the M A N U S C R I P T
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10 effective plastic displacement u pl at integration points to the total plastic displacement at the point of failure (full degradation), u pl f , Table 2 .
The effective plastic displacement, u pl , is defined with the following evolution equations:
Where L is the characteristics length of the element defined in the current model as the square root of the integration point area, [ABAQUS/user manual, 20].
is the equivalent plastic strain at complete failure of the material taken form the uni-axial stress train curve, Table 2 .
Using effective plastic displacement as damage evolution criterion helps to reduce mesh dependency of the results [20] . According to the mesh size used in the numerical model for this test, the value of L is assumed to be 2 mm. The value of the damage variable Table 3 and Figure 5 compare the experimental and the numerical simulation results in term of the peak contact force (Table 3 ) and the failure mode ( Figure 5 ). Table 3 indicate close correlation for the peak contact force and Figure 5 shows accurate simulation of complete tensile tearing failure of the beam section at the supports. ABAQUS brick element C3D8R was used, as in previous models, to simulate both the solid beam and the impactor. The beam's element size was 2.5 mm based on mesh sensitivity check. As shown in Figure 8 , the size of the elements was reduced near the impact zone and the supports to be 0.5 and 1 mm respectively to ensure accurate simulation of nonlinear behaviour, contact interaction and shear failure path. Figure 9 shows the mild steel true stress- [11, 12] . These values of D and q were chosen by Liu and Jones [11] to describe the strain rate-sensitive behaviour of the steel material based on experimental results. The same contact interaction model as in the previous simulations was used to simulate contact between the rigid mass and the solid beam except that in the current model, the tangential behaviour of the contact was assumed frictionless, based on the experimental observation that slipping occurred during the tests between the impacting mass and the steel beam at the impact zone [11] . Other properties (steel density, modulus of elasticity and
Simulation results
Poisson's ration) were the same as in previous simulations. 
Modelling of shear failure
The same progressive damage and failure model as described in section 2.2.1 was used except that the damage initiation criterion would be described here in term of the equivalent plastic 
The values of maximum shear stress ratio and strain rate at the onset of failure were obtained by first performing a nonlinear FE analysis using the classical metal plasticity model. Table 4 provides values of these quantities together with other values of material failure quantities used in the present numerical. The damage progress was traced using a linear damage evolution variable with effective plastic displacement pl f u based on the value of the equivalent plastic strain at failure point pl f ε as described in the previous section. Table 4 presents the values of these quantities used in the simulation.
. Figure 10 shows the deformed shape of the impacted steel specimen after complete shear failure from both the test and the present numerical simulation. Good correlation can be seen between the two shapes in terms of the location and angle of the shear failure surface.
Simulation results
Correlation between the results is highly satisfying. Table 5 [11] and the numerical simulation results of ref [12] Quantity Experiment, [11] Numerical, no failure criteria, [12] Numerical, present study In this research, the following five important parameters have been identified for parametric study: impact velocity, impact location, axial compressive load, impactor mass and column slenderness ratio. This section will present numerical simulation results to help understand the effects of these design parameters.
The parametric study uses two simply supported H-section steel columns designed according to the British Standard BS 5950: Part 1:2000 [21] to resist a total load of 6800 kN or 3800 kN.
These loads represent approximate total axial compressive loads exerted on the interior ground floor columns of 10 and 5 stories respectively of typical commercial steel buildings.
To account for slenderness effect, two column lengths were used. Table 6 lists the column dimensions and slenderness.
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Steel was assumed to be grade S355 and the steel modulus of elasticity and yield strength were assumed to be 206000 N/mm2 and 355N/mm2 respectively [21] . Full frontal impact was applied in the direction of the column flanges to cause bending about the weak (minor) direction (y-y axis) of the steel column, which represents one of the most critical cases for design purpose. 
Modelling properties
The same ABAQUS/Explicit simulation model as employed in the previous section was used, with the following mesh and material properties:
Strain rate effect: Cowper-Symonds equation with D=40.4 s-1, q = 5 [19] ;Material failure properties: Figure 13 and Table 7 . It should be mentioned that because this parametric study considered only columns with free axial movement, there would not be tensile tearing failure.
Therefore, Table 7 only gives properties for simulating transverse shear failure;
A nonlinear finite element analysis was carried out to determine other failure quantities (maximum shear stress ratio, maximum strain rate), and these are presented in Table 7 .
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19 Figure 13 : True stress -strain curve used to simulate S355 material behaviour in the parametric study 
Sequence of load application
Because ABAQUS/Explicit was used, the axial compressive load was applied first using a special quasi-static analysis procedure in which the axial load was applied to the column in a separate analysis step during the natural period of the column by utilizing a smooth amplitude step (ABAQUS parameters AMPLITUDE and SMOOTH STEP) [20] . After the column achieved equilibrium, the impact load was applied by establishing a contact interaction between the impacting mass and the steel column at the desired impact location.
The impactor mass:
Since the current study aims to investigate the behaviour and failure modes of axially loaded steel columns under transverse impact, the emphasis was on the column rather than the impactor. Therefore, only a brief description is given on the imparctor. The impactor was assumed to be a cuboid rigid mass of dimensions 1.5 × 0.5× 0.3m as shown in Figure 14 . The modulus of elasticity of the impactor was selected to make it behave as an almost rigid body so that all kinetic energy of the impact would be absorbed by the steel column without any contribution from the impactor. The density of the impactor was adjusted to give the required mass. It will be shown in the parametric study results that for the highest impact velocity (80 km/h), only one column experienced shear damage at the impact zone due the sharp edges of the impactor. Therefore, the impactor shape was not considered to have significant effect on the column behaviour within the velocity range investigated in this study, which was 20 -80 km/s. Table 9 lists the parameters investigated in this study. These impact velocities may represent average velocities of vehicles passing through urban, residential and commercial areas. The different weights may represent those of a typical car, a light truck and a lorry. For UC 305 × 305 × 118, Table 11 indicates that global plastic buckling was the predominate failure mode, but it was accompanied by local distortion in the flanges at the impact zone, particularly when the impact location was close to the column base (x=1m), see Figure 15 .
Mesh size sensitivity
Analysis of results
This figure also shows that the severity of flange distortion increases with increasing axial load. However, detailed examination of column behaviour from the simulation models in terms of the deformed shape at different time intervals after the impact, Figure 17 , confirms that flange distortion occurred after column global instability. For example, Figure 16 presents axial displacement -time history for two columns. Rapid acceleration of deformation of the columns at about t=45 msec and t= 90 msec indicates onset of column failure. Figure 17 shows deformed shapes of these two columns, indicating no significant local flange distortion at the corresponding times. This suggests that local flange distortion is a result, not the cause, of column global failure. Analysing column behaviour without considering local flange distortion would considerably simplify the analytical model. 
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G=Global plastic failure, N=No failure, 
G=Global plastic failure, S =Shear failure, N=No failure, G+FD=Global plastic failure + local flange distortion M A N U S C R I P T
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(P/P Design )=70% (P/P Design )=50% (P/P Design )=30%
(A) Impact location =1 m (P/P Design )=70% (P/P Design )=50% (P/P Design )=30%
(B) Impact location = 1.5m that are most vulnerable to shear failure due to the high impacting mass and velocity [11, 12] .
It can be seen that apart from two cases which have shown high tendency to local shear failure, the damage initiation criteria were much lower than 1.0. It is apparent from these figures that the transverse shear failure is unlikely to occur in the transversely impacted steel column when the transverse impact speed is within the range of low to intermediate velocities. This may be confirmed by studying the change in kinetic energy of the column. Figure 21 presents the total kinetic energy histories of the whole structural system, including both the with different combinations of impactor mass and velocity under an axial compressive load of 50% of the design load. From this figure it can be seen that for all combinations, the total kinetic energy decreases after impact due to increasing strain energy in the column. After reaching the minimum value, the total kinetic energy increases. This increase is caused by accelerated movement of the column, indicating the column losing its stability.
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After impact, if the column is stable, the kinetic energy of the system will become zero when both the column and the impactor come to rest. In contrast, if the column fails after impact, then the column will accelerate in deformation and the kinetic energy will increase. For the column at the critical situation, its kinetic energy will decrease to zero and but will then increase. The energy histories of these three situations are exemplified in Figure 22 .
According to the trend shown in Figure 22 , the results in Figure 21 suggest that only one column was at the critical situation while all other columns lost global stability without coming to rest. The difference in behaviour of these columns is mainly due to different amounts of energy absorption of these columns as a result of their difference in deformation pattern under different combinations of impactor mass and velocity (thus different momentum when keeping the impact energy the same). Nevertheless, the minimum total kinetic energies of these columns were only a small fraction of the initial total kinetic energy. Therefore, it may be accepted that the column deformation patterns are very similar. This will lead to considerable simplification to aid development of an analytical model for calculation of the critical velocity of impact that will just cause the column to fail. 
Plastic hinge location
When developing analytical solutions to the problem, it will be necessary to know where the plastic hinge forms so as to quantify the plastic dissipation energy of the column. 
Damping effects
The numerical simulations presented in sections 2.1-2.3 have not considered damping effects but the simulation results still show good correlation with the experimental results. This indicates that damping have no significant effect on the structural behaviour. This is expected because the interest of this study is in column structural behaviour unto to the point of failure.
During this stage, the impact duration is very short compared to the natural period of the structure system (Jones [19] , Sastranegara et a, [18] , Zeinoddini, et al, [16] and Thilakarathna M A N U S C R I P T
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33 et al, [24] ). Nevertheless, to confirm this assumption, three damping ratios (2.5%, 5% and 10%) were introduced into one of the parametric case studies. The damping ratio was defined using Raleigh mass proportional damping coefficient since it is the most suitable procedure for dynamic explicit analysis [20] . Figure 27 compares the simulation results in terms of the column axial displacement at the top and kinetic energy histories. As can be seen from Figure 14 (A) and 14(B), the material damping ratio had only marginal effect on the column behaviour, showing no effect on whether or not the column would fail (which is the most important objective of this research) and a slight delay in column failure time when compared to the reference case of no damping. 
SUMMARY AND CONCLUSIONS
This paper has presented the results of a numerical study to validate an ABAQUS/Explicit model to simulate the behaviour and different failure modes of steel members subjected to lateral impact. The ABAQUS/Explicit model is able to capture the modes of global buckling of steel columns under compression, shear and support tension tearing. Afterwards, the validated numerical model was used to conduct a parametric study to investigate the effects of several parameters on the behaviour and failure modes of axially pre-loaded steel columns subjected to transverse impact. From the results of this parametric study, the following conclusions may be drawn:
(1) The predominate failure mode for axially unrestrained compressed columns under transverse impact was global buckling of the column.
(2) Some column failure involved large local flange distortion. However, this local flange distortion is a result, not cause, of global column failure. (4) Except for very low level of axial compression (<25% design resistance), the formation of plastic hinge was almost independent of the impact position, with the plastic hinge location being close to the centre of the column.
